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INTRODUCTION
Radiofrequency (RF) medical devices are commonly used to heat up tissues to specific target temperatures that vary for different procedures, ranging from a few degrees for low hyperthermia applications to more than 100 ºC for tissue ablation applications. RF devices circulate electric currents oscillating at radio frequencies (MHz) through tissue. Electric currents enter the tissue at the source tip or active electrode and exit at the return, which is either a second active electrode (bipolar RF) or a distant dispersive pad (monopolar RF). In many clinical applications, the underlying physics of the thermal response of tissue to RF heating are relatively straightforward because the electrode is in contact with the target tissue and the target tissue is homogenous (one type of tissue); that is, the electric and thermal environments within the tissue are continuous. In non-invasive cutaneous and subcutaneous clinical applications electric currents travel through different tissues that are far from homogenous, such as the subcutaneous tissue, resulting in more complex physical interactions between electric currents and tissues. Applications in dermatology include skin tightening, reduction of wrinkles, and treatments for acne and cellulite [1, 2] . For example, RF-heating is commonly used to cause the shrinkage of dermal collagen and induce stimulation of fibroblast cells that produce new collagen [3] . More recently, it has been used to denaturate adipocyte cells and to reduce the thickness of the subcutaneous tissue layer [4] .
The subcutaneous morphology of tissue consists of a fine, collagenous and fibrous septa network enveloping clusters of adipocyte cells. The fat, enclosed within adipocytes, and septa present different electric environments to the current flowing through, as well as different thermal environments to the heat generated by the current flow [5] . Furthermore, the density and orientation of the fibrous septa network varies significantly from person to person, and it is well known that these variations in network architecture correlate to different cellulite grades. Herein, Page 5 the term density makes reference to the space occupied by the fibrous septa network; the more space-filling the network is, the higher the density. Cellulite grades are assessed by visual inspection according to skin appearance and scaled from Grade 0, smooth skin, to Grade 4 "cottage cheese" appearance. The grade correlates with the percentile of adipose tissue versus connective tissue in a given volume of hypodermis and invaginations inside the dermis [6] .
Despite the electrical, thermal and structural complexity of the subcutaneous tissue, it is commonly regarded as a uniform layer of fat [7] and the circulation of currents as a onedimensional linear electric flow [2] ; that is, heating is considered proportional to the resistivity of tissue. Furthermore, it is also commonly assumed that the distribution of electric currents depends solely on the geometry of the electrode [8] . However, in a recent study, it was shown that by altering the direction of the RF-induced internal electric field the heat deposition within the fat could be selective and precisely localized [9] . This study highlighted the multidimensional non-linear nature of the electric current and tissue interactions. A later study found that the septa favors the flux of electric current and heat dissipation, which varies with the relative orientation of septa to the direction of the electric field [5] . This later study showed that the structural configuration of septa affects the electric field distribution and, hence, heat deposition within the subcutaneous tissue. In addition, this work suggested that the distribution of thermal stresses within the subcutaneous tissue is non-uniform, with the septa and fat most likely subjected to different stress intensities. Since the structural configuration of septa affects the electric field, it is likely that the same RF exposure for different configurations of septa would result in different thermal responses. A clinical output common to RF treatments is change in volume and shape of cutaneous and subcutaneous tissues. Changes in tissue volume and shape induced by heating are due to several related process, such as, cell injury and death, Page 6 collagen denaturation, tissue expansion and contraction. The contribution of each process to deformation of tissue is not known. The influence of subcutaneous tissue morphology on RF heating, however important to RF treatments, is not known either.
OBJECTIVES
[[The objective of the present work is to study the effect of two clinically relevant fibrous septa architectures on the thermal and elastic response of subcutaneous tissue to RF heating. In particular, we evaluate the thermal damage and thermal stress induced to an intermediate-and a high-density fibrous septa network architecture by the same RF treatment. These architectures correspond to cellulite grading of 2.5 and 0, respectively.]]
MATERIALS AND METHODS
We used the finite element method to simulate the electric, thermal and elastic response of a twodimensional model of skin, subcutaneous tissue and muscle subjected to a relatively long, constant, low-power RF exposure. The interconnected architecture of fibrous septa and fat lobules was obtained by processing micro-MRI sagittal images of hypodermis. As comparison criteria for the RF treatment output, we calculated the extent of accumulated thermal damage that corresponds to 63% loss in cell viability.
Model Geometry
The model geometry and dimensions are shown in Figure 1. [[The central geometry beneath the RF applicator was mirrored laterally (both sides) to extend the domain thereby eliminating numerical boundary artifacts in the solution. The geometry in Figure 1 corresponds to high-density fibrous septa and was obtained as described in [5] . The RF applicator is actively cooled and does not exert pressure on the skin, it was modeled as an adhesive-type electrode with a boundary condition. A more in detail description of model geometry is included in the
Appendix.]]

Governing Equations
The electric response of tissue to RF currents was modeled with the Laplace's equation. The thermal and elastic responses to RF heating were modeled with the bioheat equation, including an additional thermo-elastic term, and the equation of motion for an isotropic linear elastic solid.
Electric Propagation
Electric propagation is assumed time independent since it is very fast compared to heat diffusion and the thermo-elastic response. We use a quasi-static formulation to model the response of tissue to electric fields. In the quasi-static approximation the characteristic length of the object of study is much less than the wavelength of the electromagnetic field: herein, the thickness of skin and fat is ~0.003 meters and the wavelength of the incident electromagnetic wave at 1 MHz is 300 meters. A quasi-static approach means that the spatial distribution of the electromagnetic fields over the extent of the device is the same as that of static fields [10] . Since biological tissue can be considered almost totally resistive, most of the electrical power is deposited in a small zone close to the electrode.
In biological tissue the rate of energy dissipated per unit volume at a given point is directly proportional to the electric conductivity of the tissue κ (S/m) and to the square of the induced internal electric field E (V/m), that is, Page 8
where Q is the power absorption (W/m 3 ) and |E| is the norm of the vector electric field. E is calculated from E i = −∇V i , where V is the voltage (V) obtained by solving the Laplace's equation
where the subscript denotes skin, fibrous septa (connective tissue), fat or muscle, i.e., i={s, c, f, m}.
Heat Diffusion
The bioheat transfer equation in tissue [11] including the additional thermo-elastic term can be written as
where ρ is the density of the tissue in (kg/m 3 ), c b is the blood specific heat in (J/kg/K) [13] , ω is the blood perfusion rate in (kg/m 3 /s), T b is the arterial temperature in (K), and Q is the power absorption. Q M was neglected because its contribution is significantly small relative to other terms [12] .
Elastic Deformation
The motion equation for an isotropic linear elastic solid is used to describe movement and deformation of tissue,
where σ is the stress tensor in (Pa) and F v denotes the external volume forces in (Pa/m 2 ).
Constitutive relations for an isotropic linear elastic material are the following: (i) the stress tensor
, where S is the Duhamel term which relates the stress tensor to the strain tensor and temperature, u ∇ the displacement gradient and I the identity matrix; (ii) the Duhamel
, where C is the 4 th order elasticity tensor, ":" denotes the double-dot tensor product (or double contraction), ϵ is the strain tensor, S 0 and ϵ 0 are initial stresses and strains, α is the thermal expansion coefficient in (1/°C), and T 0 is the initial temperature; and (iii) the strain tensor written in terms of the displacement gradient,
The formulation of Eq. 4 is Lagrangian, that is, the frame of reference for the computed stress and deformation is the material initial configuration. When solid objects deform due to external or internal forces and constraints, each material particle keeps its coordinates X, while spatial coordinates x change with time and applied forces such that they follow a path ) , ( t X u X x + = in space. Since the material coordinates are constant, the current spatial position is uniquely determined by the displacement vector u. Material properties are also derived in a material frame of reference in the coordinate system X.
Tissue Properties
The electric, thermal and mechanical properties of skin, fat, fibrous septa and muscle are assumed constant and temperature independent [4, [14] [15] [16] [17] (Table 1) . Electrical properties are frequency dependent and those used herein correspond to 1 MHz [18] . However, the electric conductivity remains fairly constant for frequencies from 10 3 to 10 6 Hz and the permittivity decreases by one order of magnitude in the same frequency range [18] . Thus the electric response of tissue within this frequency range is qualitatively similar. Perfusion is also assumed Page 10 constant and negligible in the septa, ω c = 0. Within 38 to 45 ºC, variations in specific heat [19] , thermal conductivity [20] and blood perfusion are not significant [7] . Electrical and thermal properties of fibrous septa bundles are assumed to be similar to those of the dermis since it is a collagenous tissue [5] . For tissue as an isotropic linear elastic material, strains and displacements are small and the elastic properties are independent of direction, hence, tissue can be characterized by the Young's modulus and Poisson's ratio. Table 2 shows the electrical, thermal and elastic boundary conditions applied to the governing
Boundary and Initial Conditions
Equations (2)- (4). The RF applicator atop the skin surface was modeled as a boundary condition
where P (150 W) is the applied RF power, Z (100 Ω) the total tissue impedance, and a (−2.25·10 Regarding the elastic boundary conditions, a free movement condition was used at the lateral boundaries to simulate the absence of constraints and loads. A fixed constraint condition on the upper skin and lower muscle surfaces was applied to simulate zero displacement in the vertical 
Thermal Damage
We used thermal damage as criteria of comparison between treatments for different fibrous septa architectures subjected to the same RF exposure. Thermal damage is assumed a first order kinetic process and calculated with the Arrhenius equation [21, 22] , which relates cell viability to temperature and exposure time as
where Ω(τ) is the logarithm of the ratio of initial concentration C(0) to actual concentration C(τ), τ the total heating time in (s), R the universal gas constant, A the frequency factor in (1/s), and E a the activation energy for an irreversible reaction in (J/mol). From experiments of skin heating within 44--50 ºC temperature range, A = 2.2×10 124 s -1 and ∆E = 7.8×10 5 J/mol [23] . Contours of Ω = 1 that represent 63% reduction in viability or the threshold for completely irreversible thermal damage were used to compare RF treatment outputs.
RESULTS
The electric, thermal and elastic response of two different fibrous septa architectures to the Figure 5 . In skin, the electric field is much more intense by the edges of the RF applicator, resulting in higher power absorption in the skin beneath the edges relative to the rest of the skin. Overall, the highest power absorption is in the fibrous septa that favor the flow of electric currents (zoom area, Figure 5 ).
Heat Diffusion and Thermal Damage
Temperature distributions after long exposures to RF heating are shown in Figure 6 . The heating was mainly confined to the subcutaneous tissue because of surface cooling, higher subcutaneous power absorption and slow subcutaneous heat diffusion. The maximum temperature for the intermediate-density fibrous septa network is a little lower than that for the high-density network; T max = 48.12 and 49.28 ºC, respectively. Temperature distributions are also similar. The evolution in time of temperature depth profiles at x = 0 are shown in Figure 7 . Depth profiles followed similar dynamics: within the skin, the profile is linear, remained confined to lower temperatures and varied very little because of cooling; within the subcutaneous tissue, the profile is parabolic and the peak height and location increases and goes deeper as time progresses;
within the muscle, the profile follows a non-linear decay to core temperature. Arbitrarily dividing the thickness of the subcutaneous fat layer (l c,f = 17 mm) in two (8.5 mm), larger differences in temperature occurred in time within the bottom region (10 < y < 18.5), where the high-density fibrous septa architecture reached higher temperatures. For both architectures, the thermal damage was mostly confined to the subcutaneous tissue while sparring the skin, Figure   6 . For the high-density fibrous septa architecture, the cross-sectional extent of thermal damage was ≈ 1.5 times larger and reached a small area in the muscle, Figure 6 (b).
Thermo-elastic Deformation
Volumetric strain quantifies deformation of tissue from its original volume. Distributions of volumetric strain at specific times (25 and 8000 s) are shown in Figure 8 . Initially (t = 25 s) most of the subcutaneous tissue (fat lobules and fibrous septa) was subjected to expansion (positive volumetric strain), which was larger in the fibrous septa than in the fat. In steady state (t = 8000 Page 14 s), expansion of the fat lobules continues because of an increased volumetric strain. However, the fibrous septa contracts as indicated by a negative volumetric strain. The skin is always subjected to contraction (negative and constant volumetric strain) because of contact with the cooling surface. The evolution of volumetric strain depth profiles at x = 0 are shown in Figure 9 for both fibrous septa architectures. Every profile shows a relative smooth curve with abrupt increments (t= 25 s) or drops (t= 1225 and 8000 s) in strain at the fibrous septa. These profiles
show an increased expansion of fat lobules with depth until a peak is reached. The peak coincides with the region of high temperatures. In addition the profiles show the interplay between expansion of the fat lobules and shrinkage of the fibrous septa: the fibrous septa initially expand faster and more than the fat (t = 25 s), eventually the fat catches up squeezing the septa (t = 1225 s).
All materials have an associated yield strength, which is a measure of their elastic limit, and
will not return to their original shape if the stress is removed. In an elastic body that is subject to loads in 3 dimensions, a complex system of stresses is developed: at any point within the body there are stresses acting in different directions, and the direction and magnitude of stresses change from point to point. The Von Mises criterion is a formula for calculating whether the stress combination at a given point will cause failure. Distributions of the Von Mises stress in response to the RF thermal load are shown in Figure 10 . Von Mises stress distributions are relatively similar for both fibrous septa architectures at the skin and subcutaneous tissue layers.
At the muscle, the Von Mises stress distribution for the high-density architecture shows a wider and deeper reach than that for the intermediate-density architecture. Von Mises stress in the skin was more uniform because of thermal contact with the cold surface. In the muscle it was higher close to the subcutaneous tissue region where the highest temperatures occurred. Overall, the Page 15 skin and muscle were subjected to a higher Von Mises stress or distortion energy than the subcutaneous tissue. The subcutaneous tissue is more elastic and, thus, able to withstand larger thermal loads without yield. The depth profile of the von Mises stress shows abrupt drops and rises at the skin-subcutaneous tissue and subcutaneous tissue-muscle interfaces, Figure 10c .
DISCUSSION
Electric power absorption is directly proportional to the electric conductivity of the tissue and the square of the intensity of the internal electric field, Eq. (1). The electric conductivity of fibrous septa is one order of magnitude larger than the conductivity of fat in subcutaneous tissues, Table   1 , presenting a more favorable medium for circulation of electric currents. Since the tissue physical properties are constant, the power absorption at specific tissue locations is truly set by the internal electric field, which in turn is set by the morphology of tissue. Figure 4 illustrates the complexity in the distributions of the internal electric field that emerges from differences in electrical properties and variations in morphology. An additional variable not explicitly illustrated is the incidence of the electric field [9] , for example, the electric field at the center of the electrode is perpendicular to the tissue interface while towards the edge the incidence is at an angle. Overall, the intensity of the electric field is larger in fat than in septum because the voltage drops more when current circulates through fat ---lower conductivity implies higher resistivity ---than when circulating through fibrous septum. By definition, the electric field is equal to the negative gradient of the electric potential. Regarding the fibrous septa on its own, the intensity of the electric field varies with the orientation and location of septum relative to the incident electric field and position of the electrode. Intensity is higher in septum perpendicularly oriented to the skin surface (vertical) and lower in septum parallel to the surface (horizontal). It is this In long-term RF heating exposures, the temperature of adjacent septa and fat is uniform because of the heat diffusion from septa into fat, or from fat into septa (depending on location).
These uniform temperature fields result in uniform thermal loading, which is influenced by local temperatures and tissue properties rather than by fibrous septa density and orientation, as illustrated by distributions of the volumetric strain in Figure 8 . The estimated initial expansions and subsequent contractions of the fibrous septa are small, which may be an understatement since we are not accounting for collagen denaturation in modeling elasticity. It is well established that heat can cause shrinkage to connective tissues by disrupting the molecular bonding of collagen [24] . So considering the distributions of instantaneous power absorption, a high-power and short RF exposure would cause collagen denaturation in the skin (no cooling) beneath the electrode edges and the fibrous septa aligned for preferential heating. The rest of the skin and the fat would probably be spared from damage because of the much lower power absorption in these regions.
In summary, the morphology of the subcutaneous tissue gives rise to a complex distribution of the internal electric field established by RF currents. The density and orientation of the fibrous septa network yields the complexity in the electric response. Thermally, the subcutaneous tissue response is relatively simpler because of thermal equilibrium. However, the fibrous septa still matters. Figure 11 shows the non-reversible thermal damage response to a RF exposure assuming the subcutaneous tissue is constituted by fat only; the RF power (200 W) was adjusted to induce damage to the subcutaneous tissue ---as it is done in planning treatments. The figure also shows the non-reversible thermal damage response of the subcutaneous tissue including septa: the presence of septa resulted in subcutaneous zones of damage 2 to 3 times larger than with fat only. A larger treatment zone is not necessarily unfavorable. Although in these particular cases larger treatment zones resulted in damage to the muscle.
[[
Clinical Relevance
Results suggest that patients with cellulite Grade 0 would have a better response than patients with cellulite Grade 2.5 if both were subjected to the same RF treatment. As discussed, Page 18 this is because of the difference in architecture of the fibrous septa networks. Assuming that the treatment response is proportional to the volume of tissue with irreversible thermal damage (Fig.   6 ), then the RF treatment should be modified to improve the response of patients with more cellulite. Increasing the RF power would enlarge the response volume, it could damage muscle as well if the blood perfusion in muscle was not able to sink or remove excess heat. Alternatively the RF energy could be delivered in higher-power pulses that would gradually increase the temperature of the fat while the temperature in the skin and muscle either remained constant or increased at a slower rate ---this approach has been demonstrated clinically in [4] . Energy delivered in pulses takes advantage of the increased blood perfusion in skin and muscle relative to that in adipose tissue. Another approach could overlap treatment areas relative to the surface covered by the electrode; for example, displacing the electrode laterally 2/3 of its length would result in bordering response volumes, Fig. 6 , and, consequently, uniform treatments.
In terms of device type, our study models the performance of a monopolar RF device, for which an active electrode delivers RF current at the treatment area and a much larger dispersive electrode (not explicitly shown in our simulation) returns the current to the device. Bipolar RF devices use two identical electrodes for delivery and return of RF current, thus, treatment takes place beneath both electrodes. The depth of bipolar RF treatment varies with the separation between electrodes. If they are next to each other, most of the RF will go through the skin. If they are adequately far apart then the treatment delivered by each electrode should be the same as the treatment delivered by a monopolar RF device. The duration of treatments that target adipose tissue vary from device to device but tend to be large, ranging from 45 min to 2 hours.
The duration of the low-power RF exposure considered herein is about 2 hours. However at 45 min, temperature values are within 0.5 °C of its final value, see [5] . So the temperature profiles 
